Abstract-A better understanding of the interrelationships between the structure and function of the large arteries would lead to optimize cardiovascular disease prevention strategies. In this study, we investigated the relationships of aortic arterial stiffness assessed by carotid-femoral pulse-wave velocity (PWV), with carotid plaque echogenicity assessed by B-mode ultrasound. We analyzed 561 subjects (without coronary heart disease or stroke) who were volunteers for free health examinations (age, 58.3Ϯ10.8 years; 32.6% women). Extracranial carotid plaque echogenicity was graded from 1 (plaque appearing black or almost black) to 4 (plaque appearing white or almost white) according to the Gray-Weale classification. Plaques of grades 1 and 2 were defined as echolucent plaques, and plaques of grades 3 and 4 were defined as echogenic plaques. Key Words: atherosclerosis Ⅲ carotid arteries Ⅲ epidemiology Ⅲ hypertension, arterial Ⅲ ultrasonography S tudying the possible interrelationships between the structure and function of the large arteries would lead to a better understanding of the pathophysiology of vascular diseases, to a better evaluation of stroke and cardiovascular risks, and thus to the development of more adequate disease prevention strategies. In a recent study, we reported that the presence of carotid atherosclerotic plaques detected by B-mode ultrasound but not diffuse intima-media thickening was determinant of aortic arterial stiffness assessed by carotid-femoral pulse-wave velocity (PWV), independent of major known cardiovascular risk factors. 1 These findings obtained from a large study of hypertensive and normotensive subjects corroborate the recent results of the Rotterdam Study, showing that arterial stiffness was related to abdominal aortic and carotid atherosclerotic plaques. 2 The mechanisms linking arterial stiffness to atherosclerosis are not known at present. Atherosclerotic changes in the arterial wall could include smooth muscle cell proliferation, deposition of lipid and accumulation of collagen, elastin, and/or proteoglycans. 3,4 However, it is not known whether plaques with different contents are differentially related to arterial stiffness. Plaque echogenicity as assessed by B-mode ultrasound has been found to reliably predict the content of soft tissue and the amount of calcification. [5] [6] [7] [8] Plaques that appear echolucent on B-mode ultrasound are lipid-rich, whereas echogenic plaques have a higher content of fibrous tissue and calcification. 9 -11 In our above-mentioned study, 1 plaque echogenicity was assessed; in the current article, we report the cross-sectional associations of aortic PWV with carotid echolucent and echogenic plaques in 561 hypertensive and nonhypertensive subjects.
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Methods
Details of this study have been reported previously. 1 Subjects were examined at the Center d'Investigations Préventives et Cliniques (the IPC Center). This medical center, which is subsidized by the French national health care system, provides all working and retired persons and their families with a free medical examination (a standard health checkup) every 5 years. In 1992 to 1993, the first subject, among those examined daily, with antihypertensive drug treatment (nϭ265), the first subject with high systolic blood pressure (Ն140 mm Hg) or with high diastolic blood pressure (Ն90 mm Hg) (nϭ272), and the first 2 normotensive subjects (nϭ543), Ն18 years of age, were invited to participate in a study for further clinical and biological investigations of cardiovascular risk factors. Six years later, these 1080 subjects were invited from November 1998 to October 1999 and 672 subjects (62.6%) underwent clinical, biological, carotid ultrasound, and wave pulse velocity examinations. However, ultrasound assessment of the carotid arteries could not be performed in the last 79 examined subjects for logistic reasons. A further 29 subjects who reported at the second examination a history of angina, myocardial infarction, or stroke were excluded from the analysis. At the time of the first examination, there were no significant differences of cardiovascular risk factors between subjects who participated and those who did not participate in the second survey. All data shown in this report were obtained from the second examination. However, changes in hypertensive status between the first and the second examinations were also used in the analyses. The study protocol was approved by the Comité d'éthique du Center Hospitalier Universitaire de Cochin, and written informed consent was obtained from all study participants.
Medical History and Standard Biological Procedures
All participants were administered a standardized questionnaire that provided information about demographic background, occupation, medical history, drug use, and personal habits such as cigarette consumption. The body mass index (BMI) was computed as weight (in kilograms) divided by height (in meters) squared. Supine blood pressure was measured before the B-mode ultrasound examination in the right arm with the use of a manual sphygmomanometer. After a 10-minute rest period, systolic and diastolic blood pressures were measured 3 times with a 5-minute interval, and the average of the last 2 measurements was used in the statistical analyses. Subjects who reported having a medical history of using antihypertensive drugs or subjects who had systolic blood pressure Ն160 mm Hg or diastolic blood pressure Ն95 mm Hg were considered to be hypertensive. The changes in hypertensive status between the first and the second examinations were as follows: 225 subjects (40.1%) were normotensive at both examinations (normotensive 1 -normotensive 2 ), 36 (6.4%) were hypertensive at the first examination but not at the second (hypertensive 1 -normotensive 2 ), 51 subjects (9.1%) were normotensive at the first examination and hypertensive at the second (normotensive 1 -hypertensive 2 ), and 249 subjects (44.4%) were hypertensive at both examinations (hypertensive 1 -hypertensive 2 ). Nine subjects interrupted their antihypertension treatment in the hypertensive 1 -normotensive 2 group, 26 initiated antihypertension treatment in the normotensive 1 -hypertensive 2 group, and 150 continued their treatment in the hypertensive 1 -hypertensive 2 group.
Fasting total serum cholesterol, HDL cholesterol, LDL cholesterol, and fasting plasma glucose were also measured. Subjects who reported a medical history of diabetes, use of antidiabetic drugs, or a fasting plasma glucose level Ն126 mg/dL were considered to be diabetic.
Pulse Wave Velocity
Carotid-femoral PWV was evaluated by one physician (who did not perform the ultrasound examination) before the B-mode ultrasound examination, with 2 pressure probes. This method with an automatic device (Complior, Colson) has been extensively analyzed. 14 Briefly, 2 pressure waves were recorded transcutaneously at the base of the neck for the right common carotid artery and over the right femoral artery. PWV was determined as the foot-to-foot velocity. Pulse transit time was determined as the average of 10 consecutive beats. The distance traveled by the pulse wave was measured over the body surface as the distance between the 2 recording sites. Aortic PWV was calculated as the ratio of distance to transit time. The validation of this automatic method and its reproducibility have been previously published, with an intraobserver repeatability coefficient of 0.93 and an interobserver reproducibility coefficient of 0.89. 12 
Ultrasonography
Ultrasound examinations were performed by 2 trained ultrasonographers using the Aloka SSD-650, with a transducer frequency of 7.5 MHz. Acquisition, processing, and storage of B-mode images were computer-assisted with the new version of a software previously described (M'ATHS). 13 The new version uses a Windows environment (instead of DOS) and is compatible with a PC system. The sonographers were not aware of the PWV examination values.
The protocol, which was similar to that applied in the Aging Vascular Study (EVA Study), 14 -16 involved scanning of the common carotid arteries (CCAs), the carotid bifurcations (CBs), and the origins (first 2 cm) of the internal carotid arteries (ICAs). Both the near and far walls of these arterial segments were scanned longitudinally and transversely to assess the presence of plaques. The presence of plaques was defined as localized echo structures encroaching into the vessel lumen for which the distance between the media-adventitia interface and the internal side of the lesion was Ն1 mm (verified by measurement at the time of examination). The quantification of plaque thickness was made at the site of the maximal encroachment perpendicularly to the vessel wall by measuring the distance between the media-adventitia interface and the lesion surface facing the lumen. The sonographer could be computerassisted in the identification of interfaces and placement of electronic calipers by examining the inflections of the density profile curve taken at the site of plaque. In the CB and ICA segments, most of the plaques were straddling both segments. Thus, only combined data from CB and ICA were recorded (CB-ICA).
In subjects with plaques, the total number of sites with plaques was calculated and ranged from 1 to 4 (left and right CCAs and CB-ICAs). A semiquantitative scale score was also used to assess the severity of plaques and graded as follows: 1 site (left or right) with plaques having thickness Յ2 mm (scoreϭ1), 2 sites with plaques having both thickness Յ2 mm or one site with plaques having thickness Ͼ2 mm (scoreϭ2), 2 sites with plaques including at least 1 plaque with thickness Ͼ2 mm (scoreϭ3), 2 sites with plaques having both thickness Ͼ2 mm or annular plaque (scoreϭ4).
Plaque morphology in terms of ultrasound echogenicity was recorded at the time of examination and was graded from 1 to 4 according to the Gray-Weale classification. 17 Grade 1 denotes low echogenicity, or echolucency (defined as a plaque appearing black or almost black), and grade 4 denotes strong echogenicity (defined as a plaque appearing white or almost white). The vessel lumen was used as the reference structure for defining echolucency, and the bright echo zone produced by the media-adventitia interface in the far wall was used as the reference for defining echogenicity. In the analysis, plaques of echogenicity 1 and 2 were defined as echolucent plaques, and plaques of grades 3 and 4 were defined as echogenic plaques. Figure 1 shows 1 echogenic plaque and 1 echolucent plaque. Of the 564 subjects with B-ultrasound examination, 3 were excluded because their plaques could not be classified for echogenicity. Thus, a total of 561 subjects were included in the final analyses.
When several plaques were detected in the same arterial segment (ie, CCA or CB-ICA), only the echogenicity of that showing the greatest encroachment into the lumen was recorded. The presence of plaque in each segment (left and right CCAs and CB-ICAs) is shown in Table 1 . Among the 116 subjects with carotid plaques in the right side, 11 had plaques in the CCA-segment only, 94 in the CB-ICA segment only, and 11 in both segments. In the latter 11 subjects, the plaques in the 2 segments for each subject had similar echogenicity in 10 subjects. For the subject with different plaque echogenicity in the 2 segments, the echogenicity of the CB-ICA plaque was arbitrary used in the analyses. Among the 105 subjects with carotid plaques in the left side, 8 had plaques in the CCA-segment only, 90 in the CB-ICA segment only, and 7 in both segments (Table 1 ). In the latter 7 subjects, the plaques in the 2 segments for each subject had similar echogenicity in all cases. Overall, 55 subjects had plaques in the right side only, 44 in the left side only, and 61 in both sides. In the latter 61 subjects, the plaques in the 2 sides for each subject had similar echogenicity in 49 subjects and different echogenicity in 12 subjects. Since the PWV was measured in the right side, the echogenicity of the plaque located in the right side was used in the analysis for the 12 subjects with different plaque echogenicity in the left and right sides. All analyses were also repeated after the exclusion of these 12 subjects.
The reproducibility of carotid plaque detection (presence or absence) has been reported elsewhere with a coefficient of 0.92 for agreement between readers. 1 For agreement on classification of plaque echogenicity, 70 consecutive images of CB-ICA segments with plaques as defined by the sonographers were reexamined off-line by a third sonographer to blindly assess the echogenicity of plaques. The coefficient for agreement between the 2 readings on classification of plaque echogenicity in the 2 categories was 0.69. Only the classification of plaque echogenicity assessed at the time of the ultrasound examination was used in the statistical analyses.
Intima-media thickness (IMT) was measured at a site free of any discrete plaques along a 10-mm-long segment of the far wall of the CCA, and the mean of the right and left CCA-IMT measurements was used in the analysis.
Data Analysis
Standard procedures from the Statistical Analysis System (SAS) were used for statistical analyses. The associations of PWV, used as a continuous variable, with carotid plaque (absence, echolucent, echogenic) were assessed by ANOVA for univariate analysis. ANCOVA and multiple logistic regression models were used for 
Results
Of the 561 subjects included in this study (mean age, 58.3Ϯ10.8 years; 32.6% women; 53.5% hypertensive), 51 (9.1%) had echolucent carotid plaques, 109 (19.4%) had echogenic plaques, and 401 (71.5%) had no plaques. Only 4 subjects had carotid stenosis Ͼ40% (2 echolucent and 2 echogenic carotid plaques). The mean number of sites with plaques was 1.5Ϯ1.6 in subjects with echogenic plaques and 1.5Ϯ1.7 in those with echolucent plaques (Pϭ0.69). The means thickness of plaques in the 2 groups were not statistically different (Pϭ0.82). The mean thickness of echogenic plaques was 1.9Ϯ0.7 mm (25th percentile, 1.3 mm; median, 1.8 mm; 75th percentile, 2.4 mm; range, 1.1 to 5.1 mm). For echolucent plaques, the mean thickness was 2.0Ϯ0.7 mm (25th percentile, 1.4 mm; median, 1.9 mm; 75th percentile, 2.2 mm; range, 1.0 to 4.7 mm). The mean score of the severity of plaques was 2.1Ϯ1.0 in subjects with echogenic plaques and 2.1Ϯ0.9 in those with echolucent plaques (Pϭ0.78).
The main characteristics of the study population according to carotid plaques are shown in Table 2 . As expected, subjects without carotid plaques had lower means of age, BMI, systolic blood pressure, total and LDL cholesterol, serum triglycerides, and CCA-IMT. They also had higher proportions of women and never-smokers and lower proportions of hypertensive and diabetic individuals. When analyses were limited to subjects with carotid plaques, those with echogenic plaques tended to be older (Pϭ0.05) and to have higher mean values of total cholesterol (Pϭ0.05). The other cardiovascular risk factors were not statistically different between subjects with echogenic plaques and those with echolucent plaques. In subjects with carotid plaques, the associations of age with number of sites with plaques, plaque thickness, and score of the severity were weak and not statistically significant (correlation coefficients were, respectively, 0.13, 0.11, and 0.08).
PWV was positively associated with carotid plaques (Table  2) . Subjects with echogenic plaques had a higher mean PWV compared with those without plaques (PϽ0.001) and com- Data are meanϮSD or %, as indicated. All data shown were obtained from the second examination, except changes in hypertensive status between the first and the second examinations. BMI indicates body mass index; BP, blood pressure; CCA-IMT, common carotid intima-media thickness; PWV, pulse wave velocity.
*Based on log-transformed values.
pared with those with echolucent plaques (PϽ0.01). The means of PWV in subjects without plaques and those with echolucent plaques were similar and not statistically different (Pϭ0.55). When multivariate adjustment for gender, age, BMI, smoking habits, systolic blood pressure, antihypertension treatment, diabetes, total cholesterol, antilipid treatment, serum triglycerides, and CCA-IMT was performed, these results were not markedly modified. The multivariateadjusted mean (ϮSEM) PWV was 11.5 m/s (Ϯ0.10) in subjects without plaques, 11.2 m/s (Ϯ0.29) in subjects with echolucent plaques, and 12.4 m/s (Ϯ0.21) in subjects with echogenic plaques (P for overall difference Ͻ0.001). In the multivariate analysis, substitution of change in hypertensive status between the 2 examinations for systolic blood pressure and antihypertension treatment did not alter the results. The multivariate-adjusted means of PWV according to carotid plaques groups were then, respectively, 11.4 m/s, 11.2 m/s, and 12.3 m/s (P for overall differences Ͻ0.001). When multivariate analyses were limited to subjects with carotid plaques, PWV was the only factor significantly related to plaque echogenicity (Table 3 ). The odds ratio of echogenic plaque versus echolucent plaque associated with a 2.5-m/s increase of PWV was 2.34 [95% confidence interval, 1.36 to 4.00, PϽ0.01) ( Table 3) . Figures 2 through 5 show the associations of PWV with carotid plaque echogenicity according to gender, age categories, hypertension status, and change in hypertensive status between the 2 examinations. Within each subgroup, subjects with echogenic plaques had higher mean PWV compared with those without plaques and compared with those with echolucent plaques, although statistical significance was not always reached. Similar patterns of results were also observed after the exclusion of the 12 subjects in whom plaque echogenicity was different in the left and right sides (data available from authors).
In subjects with echogenic plaques, the PWV mean was higher in those having more than one site with plaques than in those with only one site with plaques (13.6Ϯ3.0 versus 12.4Ϯ2.7 m/s, PϽ0.03). Similar trends were also observed according to score of the plaque severity (correlation coefficientϭ0.25, Pϭ0.07). In contrast, in subjects with echolucent plaques, the PWV mean was not different in those having more than one site with plaques and in those with only one site with plaques (11.5Ϯ2.5 versus 11.3Ϯ2.3 m/s, Pϭ0.75).
In addition, the score of the plaque severity was not related to PWV in these subjects (correlation coefficientϭ0.06, Pϭ0.70).
Discussion
In this large-scale study in subjects free of coronary heart disease and stroke, we found that aortic PWV is associated with carotid echogenic plaques but not with echolucent plaques. The multivariate analyses taking into account the major conventional cardiovascular risk factors did not alter these findings. Similar patterns of results were observed in many subgroups according to age, gender, and hypertensive status.
Only one study conducted in subjects with end-stage renal disease has previously reported the relationships of arterial stiffness with plaque calcification. 18 Guerin et al 18 found that carotid and aortic stiffness were related to the presence and the extent of arterial calcified plaques in 3 arterial sites (carotid, aorta, femoral). One possible explanation of the associations between arterial stiffness and echogenic plaques may that both alterations are dependent, in part, on the same systemic pathophysiological process leading to connective tissue extracellular matrix accumulation (including collagen, proteoglycans, and fibronectin elastic fibers). 3, 4 Changes in the ratio of collagen to elastin rather than deposition of lipid have been known to affect the elastic behavior and function of the arterial wall. 19, 20 Thus, one could expect that arterial stiffness would be more strongly related to plaques rich in fibrous tissue than to lipid-rich plaques. Another explanation is that the presence of calcified plaques in the arterial segment may lead to stiffen the arterial wall. Although the fact that the extent and severity of echogenic carotid plaques were gradually related to aortic PWV may tend to support this hypothesis, the cross-sectional design of our study does not allow us to determine the temporal sequence and the direction of the relationships between arterial stiffness and echogenic plaques.
An increased arterial stiffness had previously been reported in subjects with stroke, myocardial infarction, or congestive heart failure in cross-sectional studies. [21] [22] [23] In addition, aortic arterial stiffness has recently been shown to be a predictor of all-cause mortality in very old subjects 24 and in those with end-stage renal disease 25 and a predictor of cardiovascular morbidity and mortality in hypertensive subjects. 26, 27 However, all results should be interpreted with caution since they were based on a low number of events, and no population- based study has yet reported the prediction of cardiovascular events by arterial stiffness.
The importance of plaque morphology in the pathophysiology of stroke and other cerebrovascular events is now well accepted. Carotid echolucent plaques (rich in lipid) are considered to be markers of high-risk unstable plaques. 11 In fact, echolucency of carotid atherosclerotic plaques was associated with the presence and incidence of cerebrovascular events in symptomatic patients and asymptomatic patients with or without carotid stenosis. 28 -32 In contrast, prospective studies have failed to show that echogenic plaques are independently associated with cerebrovascular clinical events. 30, [33] [34] [35] In addition, in subjects with advanced carotid stenosis, asymptomatic patients had more echogenic plaques and patients with symptomatic cerebrovascular disease had more echolucent plaques. 8 Taking into account the differential associations of arterial stiffness with echolucent and echogenic plaques and the fact that there is probably a differential association of these 2 sorts of plaques with vascular events, our results emphasize the need to assess the joint and interaction effects of plaque morphology and arterial stiffness on the occurrence of cardiovascular events.
In a recent report of this study, we reported that gender, age, and hypertension were the strongest determinants of arterial stiffness. 1 These results confirmed those of many other studies on this topic. 36 -37 In addition, major known cardiovascular risk factors were related to the presence of carotid plaques (echolucent or echogenic). Subjects with carotid echolucent plaques had lower mean of age compared with those with echogenic plaques, in accordance with the results of the Tromso Study. 38 This may be due to earlier-inlife constitution of echolucent plaques and/or to a survival selection bias causing overrepresentation of subjects with echogenic plaques. Although total cholesterol was higher in subjects with echogenic plaques in univariate analysis, this difference disappeared as soon as age and gender were taken into account in the statistical analysis (Table 3 ). The lack of associations between echolucent plaques with low HDL cholesterol and/or high triglycerides in our study does not support the results of previous investigations. 39 -41 An explanation of this discordance is that these studies have used color Doppler imaging to detect echolucent plaque. 39 -41 It is possible that these studies compared with ours may have more sensitivity for the assessment of echolucent plaques. Furthermore, these latter investigations were conducted in subjects with carotid stenosis. 39 -41 Distinct pathological processes and risk factors of early and advanced atherosclerosis have been shown, and this may provide an another explanation of the discrepancy of the observed results. 42 Several limits to our study should be noted. Because subjects were free of diagnosed cardiovascular diseases (angina, myocardial infarction, or stroke), our results could not be generalized to diseased subjects. We used carotidfemoral PWV as a marker of aortic stiffness. The carotidfemoral PWV determined from foot-to-foot transit time in the aorta (which eliminates the influence of wave reflections) provides an easy, safe, and reproducible method of assessing the aortic arterial stiffness. 12, 43 Our subjects had relatively minor degrees of carotid atherosclerosis, and few subjects had carotid stenosis. In the literature, plaque morphology was usually assessed in subjects with carotid stenosis. However, other epidemiological studies including the Cardiovascular Health Study have reported, with an acceptable reproducibility, the echogenicity of less severe plaques. 30, 38 One could argue that echogenic plaques are more easily assessed by B-mode ultrasound methods than echolucent plaques and that only severe echolucent plaques might have been detected. However, we do not think that this was markedly the case here. The ultrasound examinations have been performed by 2 experienced sonographers (5 and 18 years of experience), and the ratio of subjects with echolucent plaques to subjects with echogenic plaques (approximately 1:2) was globally comparable to those reported in the literature. 30, 38 Furthermore, the number of sites with plaques, plaque thickness, and plaque severity score were not different between subjects with echogenic plaques and those with echolucent plaques. In addition, both echolucent and echogenic plaques were related to major conventional cardiovascular risk factors (Table 2) .
A consensus on ultrasonographic criteria for morphological characterization of carotid plaques has been previously published. 44 For plaque morphology assessment, we used the Gray-Weale classification, 17 which is slightly different from the classification recommended in this consensus (4 grades instead of 5). We have paid particular attention to standardize echogenicity classification against defined and wellrecognized reference structures located adjacent to the 
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plaque. In our study, the 2 ultrasound reference structures used as extremes on a gray scale were the vessel lumen on the one side and the media-adventitia interface on the other. These 2 reference structures are close to plaque and thus easier to be included in the same projection with the most echoically informative plaque and probably prone to lower interobserver variability. 45 The lack of adequate reference structures is probably a major source of error in studies evaluating ultrasound morphology. 45 In the present study, we obtained an acceptable reproducibility on the classification of carotid plaque morphology, in agreement with the results of other studies using the Gray-Weale classification. 46, 47 However, computer-assisted ultrasound quantitative evaluation of plaque morphology may probably improve the ultrasound assessment of plaque echogenicity. 32, 48 
Perspectives
This study provides the first evidence that aortic PWV was, independent of conventional cardiovascular risk factors, associated with carotid atherosclerotic echogenic plaques but not with echolucent plaques. Our study shows that the 2 types of plaque lesions share many risk factors, but some factors could be specifically associated with echogenic plaques alone or with echolucent plaques alone. Our results thus reinforce the concept that echogenic and echolucent plaques should be differentiated from each other and analyzed separately. Identification of other specific factors related to echogenic and echolucent plaques are necessary and may lead to a better understanding of the pathophysiology of atherosclerosis and vascular diseases. Recently, arterial stiffness and plaque echogenicity have been shown to predict clinical end points. The differential associations of PWV with echolucent and echogenic plaques observed in our study emphasize the need to assess the joint and interaction effects of plaque morphology and arterial stiffness on the occurrence of cardiovascular events. This would permit a better identification of cardiovascular high-risk subjects.
